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Fluid catalytic cracking (FCC), one of the world\'s major industrial chemical conversion processes, is used to crack heavy hydrocarbon feedstocks into more valuable products, such as gasoline and propylene.[1](#anie201605215-bib-0001){ref-type="ref"} The process utilizes hierarchically structured, 50--150 μm‐sized catalyst particles composed of silica, alumina, clay, and zeolite materials. The main activity of the catalyst arises from the zeolite phase, which in turn is the result of Al atoms present in the tetrahedral sites of the zeolite framework where the resulting negative charge is compensated by Brønsted acidic hydrogen atoms. During FCC, the harsh hydrothermal conditions of the regenerator, in which coke is burned and acidity is restored, result in a degradation of the zeolite through migration of framework Al (FAL) to extra‐framework (EFAL) and non‐framework sites corresponding to an irreversible loss in catalytic activity.[2](#anie201605215-bib-0002){ref-type="ref"} In order to mitigate these aging effects, FCC catalysts typically use modified, rare‐earth (i.e. La) incorporated zeolite Y that provide higher hydrothermal stability.[3](#anie201605215-bib-0003){ref-type="ref"}, [4](#anie201605215-bib-0004){ref-type="ref"} Due to their vital industrial role, understanding and reducing zeolite dealumination and the factors influencing the degradation of zeolite Y in the presence of metal poisons and steam remains one of the most important topics related to catalyst design.[5](#anie201605215-bib-0005){ref-type="ref"}, [6](#anie201605215-bib-0006){ref-type="ref"}, [7](#anie201605215-bib-0007){ref-type="ref"}

To this end, spectroscopic techniques, such as solid‐state NMR and X‐ray absorption near edge structure (XANES) spectroscopies, play a central role in characterizing the nature and formation of EFAL in steamed zeolites.[8](#anie201605215-bib-0008){ref-type="ref"}, [9](#anie201605215-bib-0009){ref-type="ref"}, [10](#anie201605215-bib-0010){ref-type="ref"}, [11](#anie201605215-bib-0011){ref-type="ref"}, [12](#anie201605215-bib-0012){ref-type="ref"}, [13](#anie201605215-bib-0013){ref-type="ref"} For example, van Bokhoven et al. have shown that it is possible to track the changes in Al coordination upon in situ steaming of zeolite beta using Al K‐edge XANES.[12](#anie201605215-bib-0012){ref-type="ref"} However, these spectroscopic techniques are inevitably limited to single zeolite component systems, thus neglecting the chemical complexity of hierarchical multi‐component catalyst materials, of which real‐life FCC catalyst particles are a clear showcase system.[14](#anie201605215-bib-0014){ref-type="ref"}, [15](#anie201605215-bib-0015){ref-type="ref"}

In order to understand zeolite activity in the context of FCC catalysis, where matrix and binder materials play a key role, characterization techniques that possess both spatial and chemical information are required. In this regard, chemical insight may be achieved using X‐ray microscopy techniques, which combines the chemical sensitivity of XANES with high (that is, down to ca. 10--30 nm) spatial resolution.[16](#anie201605215-bib-0016){ref-type="ref"}, [17](#anie201605215-bib-0017){ref-type="ref"}, [18](#anie201605215-bib-0018){ref-type="ref"}, [19](#anie201605215-bib-0019){ref-type="ref"}, [20](#anie201605215-bib-0020){ref-type="ref"}, [21](#anie201605215-bib-0021){ref-type="ref"}, [22](#anie201605215-bib-0022){ref-type="ref"}, [23](#anie201605215-bib-0023){ref-type="ref"} One such technique, namely soft X‐ray scanning transmission X‐ray microscopy (STXM), has been successfully used to elucidate both spatial and chemical behavior of isolated steamed and dealuminated zeolites, but has never been extended to study multi‐component and hierarchically structured zeolite‐based catalysts.[24](#anie201605215-bib-0024){ref-type="ref"}, [25](#anie201605215-bib-0025){ref-type="ref"}, [26](#anie201605215-bib-0026){ref-type="ref"}, [27](#anie201605215-bib-0027){ref-type="ref"}, [28](#anie201605215-bib-0028){ref-type="ref"}

Here, we present a first‐of‐its‐kind study in which we used STXM to probe zeolite dealumination within real‐life fresh and genuine, industrially deactivated FCC catalysts at the size regime of a single zeolite domain. The experimental approach of the study is illustrated in Figure [1](#anie201605215-fig-0001){ref-type="fig"}. To measure the FCC catalyst particles in STXM transmission mode, one fresh and two industrially deactivated equilibrium catalyst (ECAT) samples were microtomed to 500 nm‐thin sections (Figure [1](#anie201605215-fig-0001){ref-type="fig"} a). The two ECAT particles are further denoted as ECAT1 and ECAT2. With STXM, spectromicroscopic maps over whole catalyst particle thin sections with 100×100 nm pixel size were captured with a field‐of‐view encompassing each particle thin section (40 to 50 μm; Figure [1](#anie201605215-fig-0001){ref-type="fig"} b).[19](#anie201605215-bib-0019){ref-type="ref"} Elemental maps of Fe (L~3~ edge), La (M~5~ edge) and Al (K edge) were captured to map the distribution of deposited metals (i.e. Fe) and to visualize the zeolite and matrix domains (by La and Al; Figure [1](#anie201605215-fig-0001){ref-type="fig"} c). In contrast to the fresh catalyst particle, the ECAT particles contain an Fe shell on the catalyst perimeter that is deposited from the crude oil feedstock confirming that they have undergone aging.[29](#anie201605215-bib-0029){ref-type="ref"}, [30](#anie201605215-bib-0030){ref-type="ref"} The relative age of the two ECAT particles are unknown, however by using the concentration of Fe present in each particle the relative catalytic age can be determined.[31](#anie201605215-bib-0031){ref-type="ref"} Using this approach (see the Supporting Information), it was found that the ECAT2 particle is "catalytically older" than the ECAT1 particle due to its higher mean Fe loading (Figure [2](#anie201605215-fig-0002){ref-type="fig"} a, black dots). This observation was further confirmed with 2D XRF measurements where the amount of deposited metal poisons, that is, Fe, Ni, and Ca, are higher in ECAT2 than in ECAT1 (see Figures S1 and S2 in the Supporting Information).

![a) Fluid catalytic cracking (FCC) particles were microtomed to 500 nm thin sections. b) Scanning transmission X‐ray microscopy (STXM) uses focused X‐rays from a zone plate to form a point‐by‐point image such that the field‐of‐view is adjustable. Varying the incoming X‐ray energy across an absorption edge yields X‐ray spectroscopic information at each pixel. c) STXM maps of Al, La, Fe, and the corresponding RGB overlay show how STXM is used to correlate the zeolite Al chemistry with the catalytic age as determined by metal deposition.](ANIE-55-11134-g001){#anie201605215-fig-0001}

![a) The average Fe content (black dots) of each catalyst particle was determined so as to classify the relative catalytic age of the three catalyst particles under study. Concurrently, the zeolite domains show a loss in the average % tetrahedral Al present as a function of catalytic age. The average % tetrahedral Al was determined by inspecting the Al K‐edge XANES of the zeolite domains. b) The average raw (left) and deconvoluted (right) Al K‐edge XANES from zeolite domains in the fresh (blue), ECAT1 (green) and ECAT2 (red) particles. After deconvolution, the XANES of the fresh particle closely resembles that of a measured zeolite Y reference spectrum (see Figure S7).](ANIE-55-11134-g002){#anie201605215-fig-0002}

We were then able to determine the degree of dealumination within zeolite domains in the three, now age‐classified FCC catalyst particles by developing a procedure to visualize the individual zeolite Y domains within the FCC matrix by using La as a quantitative marker. Transmission experiments yield projection images of the 500 nm thick sample, where the spot signal associated with the zeolite domains within the FCC particle is convoluted with the signal from the embedding matrix. By using the fact that the La content in the zeolites provides an accurate means of determining the fractional amount of zeolite in a single spot, we were able to isolate the XANES signal corresponding to the zeolite (Figure [2](#anie201605215-fig-0002){ref-type="fig"}). Details of this method can be found in the Supporting Information (Figures S3--5). After deconvolution, the average spectra of the masked zeolite regions within the fresh FCC catalyst particle closely resemble that of a measured reference zeolite Y spectrum (Figure [2](#anie201605215-fig-0002){ref-type="fig"} b, Figures S6--9). The peak shift towards higher energy and the appearance of secondary peaks is consistent with previously observed transformations of tetrahedrally coordinated Al (i.e. framework Al) species to octahedrally coordinated Al (i.e. extra‐framework Al) species in steamed zeolites.[8](#anie201605215-bib-0008){ref-type="ref"}, [32](#anie201605215-bib-0032){ref-type="ref"} Subsequently, a non‐negative linear combination least‐squares fit was performed with three reference compounds: that is, pure 4‐coordinated Al (ZSM‐5), α‐alumina (6‐coordinated Al, oxide), and boehmite (6‐coordinated Al, oxyhydroxide). ZSM‐5 was chosen for the fit as it has a near identical spectral profile with zeolite Y while only containing tetrahedrally coordinated Al (whereas commercial zeolite Y often contains a mixture of tetrahedral and octahedral Al).[33](#anie201605215-bib-0033){ref-type="ref"} It was found that the aging trends, as determined by the increasing metals content in each FCC catalyst particle, correspond very well with a decrease in the amount of tetrahedrally coordinated Al (Figure [2](#anie201605215-fig-0002){ref-type="fig"} b). The fit yields coefficients of determinations 0.97, 0.96, and 0.92 for the Fresh, ECAT1 and ECAT2 particles, respectively, showing that the model explains the majority of the variance in the spectra. This observation underlines the overall framework dealumination of the zeolite domains within the ECAT1 and ECAT2 particles and represents the first direct observation of the complex zeolite dealumination processes taking place within real‐life FCC catalyst particles at the level of a single zeolite domain. In addition to the observed transformations in the zeolite chemistry, a fitting of the catalyst matrix also showed chemical changes (Figure S11) similar to those previously reported in the literature.[34](#anie201605215-bib-0034){ref-type="ref"}

In a third step, binary maps created from the La elemental maps (Figure [3](#anie201605215-fig-0003){ref-type="fig"} a) were used to determine the size and location of individual zeolite domains for the FCC catalyst particles under study. It was found that the average size of a zeolite aggregate domain for the fresh FCC catalyst particle (0.70 μm^2^, Figure [3](#anie201605215-fig-0003){ref-type="fig"} a) is significantly larger than that of the ECAT1 (0.52 μm^2^, Figure [3](#anie201605215-fig-0003){ref-type="fig"} b) and ECAT2 (0.55 μm^2^, Figure [3](#anie201605215-fig-0003){ref-type="fig"} c) particles. The observed zeolite size distributions are consistent with other studies where conventional and single‐molecule confocal fluorescence microscopy were used to study FCC catalysts containing ZSM‐5 zeolites, thus supporting the use of La as a specific marker for pinpointing individual zeolite domains in a catalyst matrix.[35](#anie201605215-bib-0035){ref-type="ref"}, [36](#anie201605215-bib-0036){ref-type="ref"}

![The La M~5~‐edge map was used to create a binary mask of the individual zeolite domains within each FCC particle using a ΔOD threshold selection of 1.2. The resulting histograms of zeolite domain sizes plotted for the a) fresh, b) ECAT1, and c) ECAT2 catalyst particles.](ANIE-55-11134-g003){#anie201605215-fig-0003}

Lastly, we extended the developed approach to determine the relative percentage of tetrahedrally coordinated Al of individual zeolite domains within each particle (Figure [4](#anie201605215-fig-0004){ref-type="fig"}). By performing segmentation on a zeolite‐by‐zeolite basis, we were able to extract the Al K‐edge XANES of each domain within the catalyst particle. To ensure sufficient signal‐to‐noise ratio of the XANES, only zeolite domains that were larger than 25 pixels were considered. The resulting XANES of domains within this criterion were then fitted, as above, to estimate the fractional amount of tetrahedral and octahedral Al present. The histograms plotting the percentage frequency of zeolite aggregate domains for a given tetrahedral Al percent range and spatial maps are shown in Figure [4](#anie201605215-fig-0004){ref-type="fig"}. As expected, the histogram of the fresh catalyst particle exhibits a narrow distribution for the percentage of tetrahedral Al, where the majority of domains fall within the range of 60--80 % for tetrahedral Al and the highest percentage frequency is at 70--75 % with a mean value of 71 %. In contrast, it was found that the mean value ECAT1 is 64 % for tetrahedral Al and for ECAT2 it is 58 %, while the dispersions in both ECAT catalyst particles are significantly higher than in the fresh one. The zeolite aggregate domains in the 70--75 % range, which was the highest for the fresh catalyst particle, represents less than 10 % of the total in ECAT2. The spatial map corresponding to the percentage of tetrahedral Al in each domain reflects the differences observed in the histogram. Moreover, in the ECAT particles, lower fractional tetrahedral Al domains appear to be present in discrete zones on the lower portion of the particle. Coupled with the observation that the fresh particle is largely homogeneous, this suggests that these heterogeneities arise only during aging in the FCC reactor. We posit that these differences may be linked to differences in interparticle accessibility resulting from metal deposition, thus playing a synergistic role in catalytic aging by dealumination and accessibility loss.

![The tetrahedral versus octahedral Al present in individual zeolite domains is illustrated from left to right for Fresh (top), ECAT1 (middle) and ECAT2 (bottom) particles. Segmentation of the La map yields individually segmented domains from which the average deconvoluted XANES spectrum was determined. In the second panel (from the left) of the figure, five selected zeolite domains and their corresponding Al K‐edge XANES are shown. These spectra were then individually fit using the three reference Al compounds (namely, ZSM‐5, α‐alumina and boehmite) to determine the amount of tetrahedral and octahedral Al present in each zeolite, as shown by the corresponding pie charts (red: tetrahedral %, blue: octahedral %). For each segmented domain within the particle, the % tetrahedral Al per zeolite is plotted as a histogram to show the distribution between zeolites within the particle. Finally this distribution is also plotted spatially (from the range 20 % to 90 %) such that the color of each domain corresponds to the respective amount of tetrahedral Al as determined by the fit.](ANIE-55-11134-g004){#anie201605215-fig-0004}

In summary, STXM quantitatively visualizes the size and Al chemistry of individual zeolite domains dispersed within real‐life FCC catalyst particles upon aging. This approach relies on the exclusivity of La to the domains of zeolite Y, thereby serving as a quantitative marker to deconvolute the zeolite aggregates from the complex matrix and binder chemistry of an FCC catalyst particle. It was found that upon increased metal deposition by catalyst poisoning significant chemical transformations occur within the zeolite domains corresponding to framework dealumination. Furthermore, the observed spatial heterogeneities during this aging process indicate that zeolite dealumination does not occur homogeneously throughout single catalyst particles. Finally, this study demonstrates that the STXM method moves the in‐depth investigation of zeolite‐based catalyst deactivation processes from single‐component catalyst systems into the realm of complex, multi‐component and hierarchically structured catalyst materials of direct industrial relevance.
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